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Studies on channel cracking are generally limited to elastic ﬁlms on elastic or inelastic substrates. There
are important applications were the cracking process involves extensive plasticity in both the ﬁlm and
substrate, however. In this work steady-state channel cracking in inelastic thin-ﬁlm bilayers undergoing
large-scale yielding from thermal or mechanical loading is studied with the aid of a plane-strain FEA. The
plasticity of the ﬁlm and substrate, represented by a Ramberg–Osgood constitutive law, each increases
the energy release rate (ERR) relative to the linearly-elastic case. This effect is more pronounced under
mechanical loading where the entire bilayer undergoes large-scale yielding. To help assess the analytic
approach some fragmentation tests are performed using a well-bonding epoxy/aluminum system. The
analysis reproduced well the observed dependence of crack initiation strain on ﬁlm thickness.
Ultra-thin ﬁlms may be well represented by an elastic-perfectly plastic response. For such ﬁlms on a
ﬂexible support the ERR remains ﬁxed as the applied strain exceeds the yield strain of the ﬁlm. Accord-
ingly, a critical coating thickness exists below which no channel cracking is possible. The explicit rela-
tions and graphical data presented may be used for optimal design of such structures against
premature failure as well as for determining fracture energy of ductile thin ﬁlms.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Thin coatings are prone to crack in a channel mode under ten-
sion. There are important applications where the process of frac-
ture is accompanied by extensive plastic deformation in the
coating, the substrate, or both. Examples include wear-resistant
hard coatings on ductile substrates, polymeric paints in the auto-
motive industry (Nichols et al., 1999; Nichols, 2002) and ultra thin
metal interconnectors on a ﬂexible support (Macionczyk and
Bruckner, 1999; Alaca et al., 2002; Niu et al., 2007; Chen and
Gan, 2007; Gruber et al., 2009; Lu et al., 2010). While channel
cracking in linearly-elastic systems has been studied extensively
starting with the notable works of Gille (1985), Nakamura and
Kamath (1992) and Beuth (1992), similar studies on inelastic
systems are generally limited to linearly-elastic ﬁlms on nonlinear
substrates undergoing localized yielding, as is the case for thermal
type loading (Beuth and Klingbeil, 1996; Ambrico and Begley,
2002). Beyond the usual concerns for structural integrity, channel
cracking offers a viable means for determining fracture energy in
elastic thin ﬁlms (Hsueh and Yanaka, 2003; Andersons et al.,
2008; Miller et al., 2009; Pinyol et al., 2009), generally with the
aid of the steady-state analysis of Beuth (1992). Often this
approach is also adopted for ductile ﬁlms (Macionczyk and
Bruckner, 1999; Alaca et al., 2002; Niu et al., 2007; Chen and
Gan, 2007), although its validity is yet to be assessed.ll rights reserved.The analysis of channel cracking in bilayers undergoing large-
scale yielding poses a formidable challenge. The fracture process
may involve crack penetration into the substrate (Gille, 1985;
Wellner et al., 2004), delamination between ﬁlm and substrate
and other complex fracture modes not strictly consistent with clas-
sical channel cracking. As an example we note the fragmentation
tests on Cu/polyimide systems by Lu et al. (2010), who observed
a transition from off-axis inter-granular to trans-granular fracture
accompanied by local debonding as the ﬁlm thickness increased
from 200 nm. Such results allude to the intricate role played by
grain size and grain texture, and in turn ﬁlm thickness, on the frac-
ture behavior of sputtered ductile ﬁlms. In addition, as for any duc-
tile material there is the issue of a proper interpretation of fracture
energy and the role of ﬁlm thickness on this quantity.
In this work we consider channel cracking in inelastic ﬁlm/sub-
strate systems from thermal as well as mechanical loading, where
the entire bilayer may undergo large-scale yielding at onset of frac-
ture. Our analysis is limited to the steady-state energy release rate
(ERR), here determined with the aid of a plane-strain Finite Ele-
ment Analysis (FEA) incorporating large deformation and material
nonlinearity. To assess the analytic approach, fragmentation tests
are carried out on a model system geared toward alleviating some
of the difﬁculties noted above. The specimen consists of a thin
epoxy-resin coated onto a dog-bone shaped ductile aluminum
alloy (Fig. 1a). When sufﬁciently thin this resin undergoes exten-
sive plastic deformation before it cracks. This, together with its
excellent bonding capability and isotropic mechanical properties
Fig. 1. The dog-bone tensile specimen used in the fragmentation tests; an epoxy ﬁlm (Narmco 5208) of thickness h is coated onto a 5086 aluminum alloy substrate of
thickness H. (a) Longitudinal views, (b) transverse section showing the uniform and the linearly-varying coating thickness patterns used.
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studying channel cracking in ductile materials.
Sections 2 and 3 detail the experimental apparatus and test re-
sults while Section 4 presents the fracture mechanics analysis. The
latter is applied to the test system in Section 5. Section 6 provides a
parametric study of steady-state ERR in ﬁlm/substrate bilayers
characterized by a Ramberg–Osgood constitutive law. The special
case of elastic-perfectly plastic ﬁlm on a linearly-elastic substrate,
relevant to ultra thin ﬁlms on a ﬂexible support, is discussed in
Section 7. The analytical results are examined in light of published
works in Section 8.Fig. 2. Tensile stress–strain curves for the substrate and ﬁlm used in this study.
Symbols are experimental data, curves are smooth ﬁts.2. Materials and methods
The fragmentation tests are conducted using a dog-bone speci-
men consisting of a thin polymeric layer of thickness h which is
coated onto a thick aluminum substrate as detailed in Fig. 1a.
The width b and thickness H of the substrate in the gauge section
are 3.6 mm and 1.5 mm, respectively. Although more cumbersome
then a bending type, this specimen has the advantage of providing
a uniform tensile strain within the gauge section. The coating is
Narmco 5208 (Celanese Co., CA), a cross-linked epoxy resin having
Young’s modulus Ef = 4 GPa and Poisson’s ratio mf = 0.35 (Palmer,
1981). The substrate is a 5086 aluminum alloy (Es = 70 GPa,
ms = 0.33), a ductile material proven to bond well to the present re-
sin (Chai, 1988). Fig. 2 shows the stress–strain curve for the sub-
strate and coating employed, obtained using the dog-bone
specimen of Fig. 1a and with the aid of literature data as discussed
in Appendix A, respectively.
The aluminum bonding surface is polished to a mirror ﬁnish and
then chemically etched to enhance bonding in accord with the For-
est Laboratory Procedure, see Chai, 1988. The epoxy resin is de-
gassed in a molten form (70 C) in vacuum before it is spread
onto the substrate surface. The coating thickness is controlled
using an auxiliary glass plate which is pressed against wire spacers
placed on the substrate surface. The plate is pre-coated with a thin
layer of gold to facilitate easy peel after cure. The majority of sam-
ples employ a uniform coating, with thickness h in the range 20–300 lm. Some specimens are fabricated with a ﬁlm thickness that
varies linearly across the width of the sample, see Fig. 1b. This de-
sign results in stable channel cracking as the crack advances from
the thicker to the thinner edges of the coating. As shown latter,
such a stability helps identify the transition from a ﬂaw to a chan-
nel controlled fracture, which is necessary for interpreting the frac-
ture data. The coated specimens are cured at 170 C for 2 h and
cooled down to RT over an extended period (4 h) to minimize ther-
mal stresses. Examination of the coating surface after fabrication
reveals the presence of small ﬂaws or bubbles, from which a crack
may initiate.
The specimens are tensioned in a standard loading frame in a
stroke-control mode at a rate of 0.1 mm/min. The tensile strain e
in the gauge section is determined with the aid of a 12.5 mm span
extensometer (Fig. 1a). The evolution of cracks is observed using a
video camera equipped with a high-power zoom lens.
Fig. 3. Morphology of an epoxy/aluminum specimen; coating thickness h = 57 lm,
applied tensile strain e = 2.7%. The channel cracks are normal to the loading
direction.
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Fig. 3 typiﬁes the fracture morphology for our epoxy/aluminum
system (h = 57 lm, e = 2.7%). The damage is characterized by
channel cracks normal to the load axis that typically grew
unstably from ﬂaws at the specimen edges. After unloading, someFig. 4. Edge-view optical micrographs for relatively thin (a) and relatively thick (b) epo
specimen edge is polished prior to observations. No delamination between coating andspecimens are observed from their edge with an optical microscope.
Fig. 4 shows typical results for relatively thin (a) and thick (b) coat-
ings. No delamination is observed despite the very large strain em-
ployed, attesting to thegoodbondingbetweencoatingandsubstrate.
Fig. 5 plots the average distance between cracks, D, normalized
by ﬁlm thickness, vs. applied strain e for some representative tests.
The observation is made on a square area covering the specimen
width (3.6 mm). The data for h = 150, 218 and 283 lm seem to col-
lapse into a single curve characterized by crack initiation strain
ei  1.9% and normalized crack saturation distance Ds/h  2. The
saturation occurs at e  5%, which is comparable to the onset of
stress plateau in the ﬁlm (Fig. 2). A similar behavior is observed
for the thinner coatings, albeit with greater crack initiation strain
(ei  2.6%) and normalized crack saturation distance (Ds/h  5.2).
It should be noted that no such saturation was observed in a study
of brittle ﬁlms (Gille, 1985).
The strain at which channel cracks initiate, ei, is a useful design
parameter that can be accurately determined from plots such as in
Fig. 5. Fig. 6 depicts ei vs. h for all tests performed, with open and
ﬁlled symbols denoting uniform and linearly-varying ﬁlm thick-
ness, respectively (Fig. 1b). The latter data are from a single speci-
men where the crack has grown stably from the thicker edge
(h = 40 lm) to the thinner one (h = 20 lm). The fracture behavior
is characterized by a ‘‘thick ﬁlm’’ regime where ei is ﬁxed (1.9%,
horizontal dashed line) and a ‘‘thin ﬁlm’’ one where ei reduces with
h, with a transition at h  80 lm. As is apparent, for h < 20 lm
channel cracking practically ceases. In the ‘‘thick ﬁlm’’ regime the
fracture grows unstably once initiated from a surface ﬂaw. In con-
trast, in the ‘‘thin ﬁlm’’ regime the fracture propagate in a steady-
state channel mode, as evident from the coincidence of the data for
uniform and variable thickness ﬁlms in Fig. 6.xy ﬁlms on aluminum substrate after unloading from a speciﬁed strain value. The
substrate is seen in these and any of the specimens tested.
Fig. 5. Normalized average distance between channel cracks D vs. applied tensile
strain e for several epoxy/aluminum specimens as speciﬁed. Curves are possible ﬁts
to the experimental data, ei and Ds denote crack initiation strain and crack
saturation distance, respectively.
Fig. 6. Crack initiation strain ei vs. coating thickness h for the epoxy/aluminum test
specimens. Symbols are experiments data, for uniform (open) and linearly-varying
(ﬁlled) ﬁlm thickness, see Fig. 1b. (The latter are from a single specimen.) The
horizontal dashed line is a ﬁt to the thick ﬁlm data, the solid line is the FEM
prediction taking into consideration the nonlinear behavior of both the coating and
substrate, the dashed-line curve is the prediction based on neglecting material
nonlinearity.
Fig. 7. Models of steady-state channel cracking for inelastic ﬁlm and substrate: (a)
thermal loading, (b) mechanical loading. The crack (lower parts) is introduced
across the coating thickness. The ERR is calculated from the difference in strain
energy between the upper and lower parts as detailed in Fig. 8.
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In this section we present an analysis for steady-state channel
cracking in bilayers undergoing large plastic deformation. Our
study is limited to a single crack, appropriate for elucidating crack
initiation strain ei. (The effect of crack interaction has been consid-
ered by numerous authors (e.g., Thouless et al., 1992), although
only for the special case of a linearly-elastic system.) The fracture
is assumed to initiate from a surface ﬂaw, here taken as a semi-cir-
cular crack of radius cF. The growth history of this crack depends on
the relative size of the ﬂaw. For a small ﬂaw the energy release rate
(ERR), G, is given by standard textbooks asG ¼ 1:6ð1 m2f ÞcFr2f =Ef ; cF  h; ð1Þ
where Ef, mf and rf are the ﬁlm’s Young’s modulus, Poisson’s ratio
and tensile stress, in that order. The fracture in this case occurs
unstably with excess energy, ﬁrst across the coating and then by
channel cracking in the plane of coating. It is apparent from Fig. 6
that such fracture dominates for ﬁlms thicker than 80 lm. On
the other hand, for thin ﬁlms h cF channel cracking dominates
from the outset.
The essential features of channel cracking were captured by
Nakamura and Kamath (1992) with the aid of a 3D FEA in their
study of linearly-elastic ﬁlm on a rigid substrate. The stress inten-
sity factor (SIF) K was shown to vary along the leading edge of the
crack, attaining a maximum very near the free surface. The ERR for
the advancing crack increases monotonically until steady-state
conditions are reached, where G remains ﬁxed thereafter. The
plane-strain ERR in this case is given as (Beuth, 1992)
Gss ¼ pð1 m2f Þghr2f =2Ef ; ð2Þ
where g = g(a,b) is a normalized ERR and a and b are Dundur’s
parameters:
a  ðEf  EsÞ=ðEf þ EsÞ;
b  0:5½lfð1 2msÞ  lsð1 2mfÞ=½lfð1 msÞ þ lsð1 mf Þ;
E  E=ð1 m2Þ; l  ð1 mÞE=2;
where subscript ‘‘f’’ and ‘‘s’’ denote ﬁlm and substrate, respectively.
Eqs. (1) and (2) intersect at h = 1.0cF/g, signaling a transition from
ﬂaw to channel controlled fracture. It is necessary to determine
the steady-state crack length lss for which Eq. (2) applies, however.
Noting from Eq. (2) that lss scales with the product hg, the scaling
factor may be found by considering the results of Nakamura and Ka-
math (1992): lss  1.33, g = 0.71, which leads to lss = 1.8gh. Taking lss
as cF, steady-state channel cracking would be limited to coating
thickness h < hss, where
hss ¼ 0:56cF=g: ð3Þ
From dimensional considerations Eq. (2) also applies to inelastic
materials, albeit g depends on the constitutive behavior of ﬁlm
and substrate. This function is determined with the aid of a com-
mercial ﬁnite element code (Ansys, Inc.) speciﬁed to plane-strain
and large deformation conditions and employing von-Mise’s ﬂow
rule with isotropic hardening and incremental plasticity. As shown
in Fig. 7, the specimen consists of a coating of thickness h and length
L which is bonded onto a thick substrate of thickness H. Both ther-
mal and mechanical type loadings are considered. The former (top
part of Fig. 7a) is achieved by introducing appropriate body forces
in all the ﬁlm’s FEM nodes. The resulting tensile strain is given by
ef = asfDT, where asf is the difference in thermal expansion coefﬁ-
cients between ﬁlm and substrate and DT the difference between
Fig. 9. The FEM grid in the vicinity of the crack tip. The crack extends across the
ﬁlm along the symmetry line (left edge). The mesh size gradually reduces toward
the crack tip.
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mal strain. Because of its large thickness the substrate remains free
of stresses. In the case of mechanical loading a uniform strain e is
applied along the specimen edges (Fig. 7b).
4.1. Calculation of steady-state ERR for channel cracking in inelastic
materials
Fig. 7 details the model used, where rf is the tensile stress in the
ﬁlm due to thermal or mechanical loadings. The steady-state ERR
due to the introduction of a transverse crack in the ﬁlm is given by
Gss ¼ DU=h; ð4Þ
where DU is the energy difference per unit specimen width be-
tween the upper (uncracked) and lower (cracked) conﬁgurations.
Two forms of cracking history are considered, see Fig. 8. In the ﬁrst
the nodal forces holding the crack face (a) are abruptly released so
that the system is allowed to reach equilibrium naturally (c). In this
case Gss is found from Eq. (4) with the aid of energy output values
available in the FEA. In the second scheme the nodal forces holding
the crack faces are released in steps, starting with the initial stress r
(which is determined directly from the FEA) and ending at a traction
free surface (c), keeping the tensile stress uniform across the crack
at each step. The ERR in this case is calculated from
Gss ¼ 2
Z df
0
rðdÞdd; d ¼ ð1=hÞ
Z h
0
mðyÞdy; ð5Þ
where m and d are the local and average crack opening displace-
ments as deﬁned in Fig. 8 and r(d) is the concurrent tensile stress
applied to the crack face. This procedure has been used by Ambrico
and Begley (2002) and, with a slight modiﬁcation, by Beuth and
Klingbeil (1996) in their studies of an elastic ﬁlm on a plastic sub-
strate under thermal loading. The ﬁrst scheme (Eq. (4)) generally
works well except for some mechanical loading conﬁgurations
involving extensive plastic deformation, for which the FEA either
failed to produce an equilibrium state after the introduction of a
crack or the energy output was of insufﬁcient accuracy. In such
cases the second, more cumbersome approach (Eq. (5)) is employed.
Because both schemes yielded similar results, no distinction be-
tween the two will be made.
As shown in Fig. 9 the FEA employs a ﬁne grid at the vicinity of
the crack, with dimensions reducing linearly towards the crack tip.
A major obstacle in obtaining numerical solutions for crack prob-
lems involving inelastic materials is the high distortion experi-
enced by the crack tip element. This is usually overcome using a
round crack tip or a singular crack tip element whose function is
to constrain the deformation. However, the latter procedure may
not be applicable to the present problem due the complex
singular stress ﬁeld. The approach adopted in this work is to useFig. 8. Illustration of the calculation of ERR for the general case of inea four-node element over the entire structure and apply when nec-
essary an external constraint on the nodal displacements of the
crack tip element; this constraint is relaxed in repeated trials until
the associated nodal forces vanish. The relative dimensions L/h and
H/L (Fig. 7) are maintained ﬁxed at 500 and 0.25, respectively. The
ratio q/h, where q is the size of the square element at the crack tip,
is systematically varied until convergence of the ERR is achieved.
For some conﬁgurations associated with large-scale yielding, q/h
values as little as 0.001 are used. All results to be presented are
deemed accurate within 1–3%. We ﬁrst apply the analysis to the
present test before considering some more general conﬁgurations.5. Energy release rate for the epoxy/aluminum test specimen
This section attempts to explain the dependence of crack initi-
ation strain ei on coating thickness h seen in Fig. 6. We calculatelastic ﬁlm and substrate coordinate y extends from the interface.
Fig. 10. FEM predictions of normalized steady-state ERR vs. normalized ﬁlm stress
for a linearly-elastic substrate. Results are shown for elastic-perfectly plastic ﬁlm
(ﬁlled symbols) and a ﬁlm obeying Ramberg–Osgood law with nf = 8 (open
symbols), in each case for three choices of material parameter a as speciﬁed. rfY
denotes the yield stress of the ﬁlm.
Fig. 11. FEM predictions for normalized steady-state ERR gY corresponding to
applied ﬁlm stress rf = rfY vs. material parameter a for an elastic-perfectly plastic
ﬁlm on a linearly-elastic substrate. Results are given for b = 0 (open symbols) and
b = a/4 (ﬁlled symbols). The solid line is a possible ﬁt to the data.
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stress–strain response for the ﬁlm and substrate are taken directly
from Fig. 2. The ERR is calculations for a given strain e using a unit
ﬁlm thickness h0. The ﬁlm thickness h corresponding to onset of
channel crack is then found from h = h0GC/Gss. This process is re-
peated for various strains. The resulting ei vs. h data are depicted
as a solid line in Fig. 6, where we used GC = 130 N/m for a best vi-
sual ﬁt to the experimental data in the ‘‘thin ﬁlm’’ regime
(20 lm < h < 80 lm). The prediction seems to compare well with
tests, which in turn supports the assumed constancy of GC over
the range of ﬁlm thickness considered. Also shown as a dashed-line
curve is the corresponding prediction assuming that the system is
linearly-elastic, obtained from Eq. (2) using g = 0.76 (Beuth, 1992).
As shown, the linear approximation greatly underestimates the
crack initiation strain for very thin coatings.
Using G = GC = 130 N/m and rf = 62 MPa (corresponding, from
Fig. 2, to ei = 0.019) in Eq. (1), the radius of the surface ﬂaw cF is
found as 96 lm. Using this in Eq. (3) gives a transition thickness
hss = 71 lm, which is quite consistent with the trend seen in
Fig. 6. The elucidation of such a transition is important when using
the fragmentation test to extract the ﬁlm’s fracture energy. This
task can be more complex if the dimension of ﬂaw responsible
for crack initiation varies with ﬁlm thickness (Andersons et al.,
2008).
6. Energy release rate for some inelastic materials
In this section we present steady-state ERR data for some bi-
layer systems of practical interest. The response of ﬁlm and sub-
strate are described by the following Ramberg–Osgood
constitutive law:
e=eY ¼ r=rY þ ð3=7Þðr=rYÞn; ð6Þ
where e and r are the uniaxial true strain and true stress, eY(=rY/E)
and rY the corresponding quantities at ﬁrst yield, and n a hardening
coefﬁcient (e.g., n = 1 or n =1 for linearly-elastic or elastic-perfectly
plastic material response). The function g takes the form
g ¼ gða;b;nf ;ns;rfY=rsY;rf=rsYÞ; ð7Þ
where subscripts f and s stand for ﬁlm and substrate and subscript Y
indicates yielding. We begin with an elastic substrate before consid-
ering the more general case of plastic ﬁlm and substrate. Our results
are generally limited to a moderate hardening (n = 8).
6.1. Plastic ﬁlm on elastic substrate
In this case the results for mechanical and thermal loadings
coincide, and g = g(a,b,nf,rf/rfY). Fig. 10 (open symbols) plots g
vs. normalized ﬁlm stress for a plastic ﬁlm with nf = 8. Results
are given for a = 0.9, 0 and 0.9, all with b = a/4. The function g in-
creases with ﬁlm stress, the more so as the ﬁlm stiffness is in-
creased. Also shown as ﬁlled symbols are results for an elastic-
perfectly plastic ﬁlm, i.e.,
rf ¼ Eef ; ef < efY; ð8aÞ
rf ¼ rfY; ef > efY; ð8bÞ
for which g = g(a,b,rf/rfY). The difference between the two sets of
data is quite small. Because in the latter case Gss is maximized for
rf/rfY = 1, a critical thickness hc exists below which channel crack-
ing in elastic-perfectly plastic ﬁlm (on elastic substrate) ceases.
From Eq. (2)
hc ¼ 2GCEf=pð1 m2f ÞgYr2fY; ð9Þ
where gY  g(rf/rfY = 1). This simple relation affords a useful design
against channel cracking. As discussed in Section 8 the function gYmay also play an important role when calculating fracture energy
of ductile ﬁlms using the fragmentation test. Fig. 11 shows the var-
iation of gY with the material parameter a, for b = 0 or a/4. Note that
gY is normalized by gL, the normalized ERR for the linearly-elastic
ﬁlm case (Beuth, 1992). No noticeable dependent on b is observed.
The ratio gY/gL exceeds unity, exhibiting a dramatic rise for a > 0.8,
the range characterizing stiff ﬁlms on soft substrates.6.2. Elastic ﬁlm on a plastic substrate
Fig. 12 plots normalized ERR g vs. normalized ﬁlm stress for a
linearly-elastic ﬁlm on an inelastic substrate (ns = 8), for which
g = g(a,b,ns,rf/rsY). Results are given for thermal (open symbols)
and mechanical (ﬁlled symbols) loadings, with b/a = 0.25 and
a = 0.9 or 0. The function g increases with the ﬁlm stress, the
Fig. 12. FEM predictions for normalized steady-state ERR g vs. normalized ﬁlm
stress for a linearly-elastic ﬁlm on a Ramberg–Osgood substrate characterized by
yield stress rsY and ns = 8. Results are shown for a = 0 and a = 0.9, both with b = a/
4. Open and ﬁlled symbols indicate thermal (Fig. 7a) and mechanical (Fig. 7b)
loading, respectively. Solid lines are from the analysis of Beuth and Klingbeil (1996),
dashed lines are possible ﬁts to the mechanical loading data.
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ing agree with those of Beuth and Klingbeil (1996), shown as solid
lines in the print. As noted in this source, this increase is due to the
localized plastic deformation in the substrate, which tends to en-
hance the crack opening displacement. This effect is more pro-
nounced for mechanical loading, where the plastic deformation
spreads over the entire substrate.
Under mechanical type loading it may be more meaningful to
present the ERR data in terms of strain rather than stress. For this
purpose Eq. (2) is rewritten as
Gss  GssEf=hr2sY ¼ ðpg=2Þð1 m2f Þðrf=rsYÞ2: ð10Þ
The stress ratio rf/rsY in this relation is converted into a strain ratio
ef/esY using the particular constitutive model employed (i.e., Eq. (6)
or Eq. (8)). Fig. 13 shows the variation of Gss with normalized ﬁlmFig. 13. FEM predictions for normalized ERR Gss vs. normalized ﬁlm strain: (a) linearly-el
substrate with ns = nf = 8, rfY/rsY = 1; esY is the substrate’s yield strain. Results are shown
a = 0 or 0.9. Curves are possible ﬁts to the data.strain for a linearly-elastic ﬁlm on a plastic substrate (left print) and
an all-plastic system (right print) subject to thermal or mechanical
loadings, for conditions as speciﬁed. Note that for mechanical load-
ing the ﬁlm’s strain coincides with the applied strain e. It is appar-
ent that for a plastic ﬁlm the rise in the ERR is drastically reduced
once the applied strain exceed the yield strain of the ﬁlm.
7. Ultra-thin ﬁlms
Ultra-thin ﬁlms on a ﬂexible support are currently used in a
variety of technological applications. The constitutive behavior of
such ﬁlms greatly depends on ﬁlm thickness. Recent tests employ-
ing advanced sample fabrication technology on a variety of sub-
micron ﬁlms show that the stress tends to stabilize at some plateau
following an initial nonlinear rise (e.g., Macionczyk and Bruckner,
1999; Mara et al., 2008; Lin et al., 2008; Gruber et al., 2008; Kim
and Greer, 2009). Accordingly, the behavior of such ﬁlms may be
well characterized by an elastic-perfectly plastic response. (To
compensate for the nonlinear stress rise, an effective Young’s mod-
ulus may be considered.) The plateau stress generally follows the
Hall–Petch relation rfY = r0 + k/d1/2, where r0 and k are material
constants and d the grain size. The relationship between grain size
and ﬁlm thickness is conveniently approximated by a power law
such that rfY = r0 + a/hm, where a and m are material parameters.
Substitution this in Eq. (9) leads to the following relationship be-
tween critical ﬁlm thickness and fracture energy:
GC ¼ pgYð1 m2f Þhcðr0 þ a=hmc Þ2=2Ef : ð11Þ
As an example we plot in Fig. 14 hc vs. GC for Cu and AlCu ﬁlms on
polyamide. The triplets (r0,a,m) used are generated by ﬁtting data
for Cu from Gruber et al. (2008) and for AlCu from Macionczyk and
Bruckner (1999), resulting in (42 MPa,1130 MPa nm1/2,0.2) and
(176 MPa,5700 MPa nm1/2,0.45), respectively. The corresponding
gY values, obtained from Fig. 11 using the gL values in these sources,
are 25 (Cu) and 15 (AlCu). As noted in Fig. 14, channel cracking is
possible only for those ﬁlm thicknesses that are located above the
curves.
8. Discussions
The present analysis may be used to assess the fracture energy
GC of ultra thin ductile ﬁlms. Macionczyk and Bruckner (1999)astic ﬁlm on a Ramberg–Osgood substrate with ns = 8, (b) Ramberg–Osgood ﬁlm and
for thermal (ﬁlled circle) and mechanical (open square) loadings, for b/a = 0.25 and
Fig. 14. Predicted critical ﬁlm thickness vs. fracture energy (Eq. (11)) for elastic-
perfectly plastic Cu or AlCu ﬁlm on a linearly-elastic polyamide. The yield strength
of the ﬁlm is given by rfY = r0 + a/hm. The coefﬁcients r0, a and m are obtained by
curve-ﬁtting of published data as detailed in the text. Channel cracking is possible
only for ﬁlm thickness values located above the curves.
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tic substrate (polyimide). Of the 220, 460, 1130 and 1560 nm ﬁlm
thicknesses used, only the last was reported to fail in a channel
mode, at a stress coincident with the yield stress of the ﬁlm. Treat-
ing the ﬁlm as linearly-elastic (i.e., a = 0.95, g = gL = 9.2), the
authors obtained from Eq. (2) a fracture energy of 30 N/m. Using
instead gY(=1.6gL, Fig. 11) as suggested by the present analysis
yields GC = 48 N/m. Gruber et al. (2009) carried out similar tests
on a Cu/polyimide system incorporating a 9 nm thick Ta interme-
diate layer. Film thicknesses in the range 34–506 nm were em-
ployed. The authors report that fracture occurred at a stress
coincident with the yield stress of the ﬁlm. Using Eq. (2) with
g = gL = 15, a fracture energies GC = 6 N/m for h = 34 nm and 16 N/
m for h = 506 nm were reported. Again, using gY(=1.7gL, Fig. 11) in-
stead leads to a 70% increase in the calculated GC.
The present analysis may also be used to assess the feasibility of
channel cracking in ultra thin ﬁlms on a ﬂexible support. In their
study of 60–700 nm thick Cu ﬁlms sputtered on polyimide, Niu
et al. (2007) report that channel cracks have initiated at tensile
strains ranging from 5% to 12%. According to our analysis for elas-
tic-perfectly plastic ﬁlm on an elastic substrate, however, no chan-
nel cracks may initiate for any strain greater than the yield strain of
the ﬁlm, which is on the order of 1%. It is possible that such cracks
are motivated by delamination between ﬁlm and substrate; a
study of copper/polyimide bilayers shows that channel cracking
tends to be suppressed upon improving the interface strength
(Xiang et al., 2005). This possibility can be further examined by
considering the critical coating thickness hc. Assuming from earlier
discussions GC = 11 N/m or 32 N/m for 60 nm or 700 nm thick Cu
ﬁlm, according to Fig. 14 no channel cracking is possible for the
tests of Niu et al. (2007). In the case of the AlCu tests of Macionczyk
and Bruckner (1999), with GC = 48 N/m, Fig. 14 shows that channel
cracking would be limited to ﬁlms thicker than 700 nm. This com-
pares with the report in this source that no channel cracks oc-
curred for the 220, 460 and 1130 nm thick ﬁlms.Fig. 15. Stress–strain response for the Narmco 5208 epoxy ﬁlm used in the tests.
The square and ﬁlled symbols are from tensile tests by Palmer (1981) and shear
tests by G’sell et al. (1990), respectively. The material response in tension (open
triangular and associated solid line ﬁt) is constructed from these data as detailed in
Appendix A.9. Summary and conclusions
Steady-state channel cracking in bilayers undergoing inelastic
deformation from thermal or mechanical loading is studied with
the aid of a plane-strain FEA. The plasticity of the ﬁlm or substrate,
here represented by a Ramberg–Osgood constitutive law and avon-Mises ﬂow rule with incremental plasticity and isotropic hard-
ening, each increases the ERR relative to the elastic case. This effect
is more pronounced for stiff ﬁlms or under mechanical as com-
pared to thermal loading due to the greater spread of yielding in
the substrate. For ultra thin ductile ﬁlms on a ﬂexible support
the ERR remains constant after the applied strain exceeds the yield
strain of the ﬁlm. Consequently, a critical coating thickness exists
below which channel cracking ceases.
Crack fragmentation tests are performed on a well-bonding
epoxy-aluminum pair to help assess the validity of the analytic ap-
proach. Coating thicknesses ranging from 20 to 300 lm and ap-
plied strain as large as 15% are used. A limited number of
samples employ a linearly-varying coating thickness, a design
leading to stable channel cracking that helps identify the transition
in coating thickness between ﬂaw and channel controlled fracture.
The channel crack analysis reproduced well the test results assum-
ing a constant fracture energy GC.
The explicit relation for the critical thickness presented affords
an optimal design against premature fracture in ultra thin ﬁlms on
a ﬂexible support. The analysis may also be used to determine frac-
ture energy in thin ductile ﬁlms. It is shown that neglecting the ef-
fect of the ﬁlm’s plasticity, as is often done, may lead to a
considerable underestimate of GC. The analysis can also be used
to assess the incidence of channel cracking in ductile ﬁlms, a phe-
nomenon which may involve delamination and other complex fail-
ure modes associated with the granular nature of the ﬁlm. Finally,
the present analysis may be extended to tunnel cracking in layered
structures, a phenomenon differing from the present one only by
boundary conditions.Appendix A. Stress–strain curve for Narmco 5208
The constitutive response of the coating is a basic ingredient in
the FEA. Fig. 15 (square symbols) shows tensile stress–strain data
from Palmer (1981) for the epoxy resin used in the tests. The data
are limited to small strains due to premature failure, a trend com-
mon to nominally brittle materials. This deﬁciency may be circum-
vented by considering the material response in shear. G’sell et al.
(1990) have provided shear stress s vs. shear strain c for the pres-
ent epoxy, and the results are reproduced as ﬁlled symbols in
Fig. 15. The shear data are converted into tensile data by assuming
that the yielding of the epoxy is described by a modiﬁed von-Mises
1100 H. Chai / International Journal of Solids and Structures 48 (2011) 1092–1100ﬂow rule of the form r0 = 31/2s0/(1 + l/31/2), where l = 0.25 and r0
and s0 are the yield stress in uniaxial tension and pure shear,
respectively (Bowden and Jukes, 1972). With s0 = 72 MPa
(Fig. 15), one gets r0 = 108 MPa. Scaling the stress axis by r0/
s0(=1.51) and adjusting the strain axis such that the results closely
match Palmer’s data leads to the tensile response depicted as open
triangular symbols in this plot. These data are ﬁtted by a solid-line
which is also plotted in Fig. 2. The predicted curve rises nonlinearly
before reaching a plateau at e  6%. Such behavior is typical of
polymeric matrix (e.g., Ishai and Bodner, 1970; Swadener and
Liechti, 1998; Imanaka et al., 2000), which lends support for the
procedure used.
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